Introduction
Multi-component drug therapies including Traditional Chinese medicines (TCMs) are widely used because of their pharmacological benefits in patient treatment (1) (2) (3) . However, the quality control and clarification of the therapeutic mechanisms exhibited by herbal prescriptions are often challenging and become the major obstacle for the further pharmacological investigation. The development of sensitive, rapid and reliable analytical methods for these multi-component drug prescriptions are necessary in order to be able to identify the bioactive constituents (4) . Direct coupling of high-performance liquid chromatography with time-of-light mass spectrometry (HPLC-QTOF-MS) has been proved to be a valuable tool for the rapid on-line analysis of known and unknown constituents in research studies involving TCMs (5, 6) .
Re Du Ning Injection is a widely used TCM formulation made by Jiangsu Kanion Pharmaceutical Co. Ltd (Lianyungang, China) and it has been widely used in clinical practice to treat upper respiratory tract infections (7 -9) . It is prepared from three medicinal materials, Artemisia annua L., Lonicera japonica Thunb. and Gardenia jasminoides Ellis. Compared with ribavirin, RDNI appears to be very effective in reducing the time required for healing, the time required for fever clearance and time before rash subsidence (10) . Classically, chlorogenic acids, a large family of esters formed between quinic acid and one to four residues of certain trans-cinnamic acids, are considered the key bioactive constituents of RDNI offering anti-microbial, antioxidant, vasorelaxing, anti-inflammatory, free radical-scavenging and hypolipidemic effects (11 -17) . Although it has been proved that the conversion of chlorogenic acids to the cis form occurs readily, especially after exposure to UV light (18) , cis and trans isomers are easily resolved by HPLC using reversed-phase column chromatography (11) , their behavior during the HPLC-QTOF-MS analysis of RDNI prescriptions has not been studied.
Previous investigations into RDNI by Jiangsu Kanon Pharmaceutical Co., Ltd have identified 28-41% of its constituents and simultaneously determine their concentrations (19, 20) . In order to present a complete and exhaustive analysis of the constituents of RDNI, a rapid method using a combination of LC/TOF-MS and UV-irradiation was developed for the detailed analysis of RDNI. Using this method, 20 potentially bioactive compounds present in the Chinese herbal prescription RDNI were identified. Twelve of them have been tentatively identified for the first time. Two types of key constituents, caffeoylquinic acids and iridoids, were characterized by comparing their retention times, and by analyzing their MS 2 spectra, particularly, after applying the HPLC-QTOF-MS-UV method. This approach appears to be very suitable for the quality control and detailed analysis of the constituents of RDNI.
MS detection, the dilution proportion used in the preparation was reduced to 1/3 (v/v) in order to prevent contaminating the mass spectrometer.
Preparation of plant samples
According to the original composition and preparation method of RDNI recorded in the patent (21) , A. annua and L. japonica (1:1) 100 g each, were extracted together three times with 10 volumes of water for 2.0 h to yield a solution, then ethanol was added, in a solution/ethanol ratio of 1:2 (v/v). This solution was kept overnight at 48C and then hydrochloric acid was added to adjust the pH value to 2.0, followed by concentrating in vacuo to evaporate the ethanol. Finally, the solution was partitioned with EtOAC 9 times to obtain an EtOAC-soluble fraction, which was dissolved in 50% v/v aqueous methanol to give a concentration of 5 mg/mL. A powder sample of G. jasminoides (100 g) was extracted three times with 7 volumes of 80% EtOH (v/v) for 2.0 h, then the extracts were combined and concentrated to approximate 100 mL, followed by the addition of hydrochloric acid to bring the pH to 2.5. The extracts were partitioned with n-butanol 5 times to obtain an n-butanol-soluble fraction with a final concentration of 2 mg/mL. All sample solutions were stored at 2208C and passed through a 0.2 mm filter before HPLC analysis.
Preparation of reference substance solutions Methanolic stock solutions containing reference compounds at a concentration of about 0.1 mg/mL were prepared and stored in a refrigerator (48C) until required for MS analysis.
Instrumentation and analytical conditions
Chromatographic analysis was performed on an Agilent 1100 HPLC instrument (Agilent, USA) consisting of a model G1276A pump, a model G1367B auto-sampler and a model G1316A UV-detector. The chromatograph was equipped with a reversedphase C 18 column of Phenomenex (4.6 mm Â 250 mm, 5 mm, USA) and elution was carried out using a gradient mobile phase consisting of acetonitrile (A) and water containing 0.1% formic acid (B) (5-10% A from 0 to 20 min, 10 -12% A from 20 to 30 min, 12 -22% A from 30 to 40 min, 22 -25% A from 40 to 50 min and 25 -30% A from 50 to 70 min) at a flowrate of 0.8 mL/min.
The column was maintained at ambient temperature and on-line UV spectra were recorded over the range 254-327 nm. The sample volume injected was set at 5 mL. An accurate splitter was used to obtain a 1:3 flow split before introduction into the MS.
The QTOF-MS system (Bruker, Germany) with an ESI source was operated in both negative and positive mode. The parameters of the ESI-MS were set as follows: capillary voltage 13800 V, nebulizer gas pressure 1.0 Bar, dry gas flow rate 7.0 L min 21 and temperature 1808C. Mass spectra were recorded over the range m/z 50 -1500. MS conditions were corrected by direct infusion of a sodium formic acid solution (1 mM L 21 ) delivered by a syringe pump at a flow rate of 3 mL min 21 . The data were analyzed using Bruker Daltonics Data Analysis 3.4 software.
UV-irradiation for trans-cis isomerization
RDNI was diluted with 50% v/v aqueous methanol and standards of compounds 5, 8 and 11 were prepared at a concentration of 0.1 mg/mL in 50% v/v aqueous methanol. The RDNI and pure standards (1 mL) were each transferred to plastic centrifuge tubes, placed in a lightbox under a shortwave UV lamp (ZF7B, Shanghai, China) and irradiated at 245 nm for 40 min.
Results

Optimized LC -MS conditions
In order to choose the most suitable LC separation mode for an integrated approach, gradient elution using a mobile phase containing 0.1% aqueous formic acid was used to avoid tailing. Acetonitrile instead of methanol was used because this reduced the time required for analysis. The major constituents of RDNI are caffeoylquinic acids and iridoid glycosides which are very hydrophilic. Among the gradient slope conditions tested, it was found that all the major components were eluted completely from the column in 70 min if a moderate proportion of acetonitrile was used in the mobile phase (30%, v/v). The proposed method was suitable for further MS analysis.
To achieve maximum sensitivity for the determination of the components in RDNI, the effects of the ionization parameters including ionization mode, nebulizer gas pressure, electrospray voltage of the ion source and collision energy were investigated. The detection signal in negative ion mode was better than that in positive ion mode in terms of sensitivity and selectivity.
TOF-MS fragmentation behavior
The total ion current (TIC) chromatograms corresponding to positive and negative signals of three batches of RDNI were obtained. The detected characteristic compounds exhibited no significant difference between batches. The representative negative signals from RDNI (A) as well as single extract materials (B, C and D) are shown in Figure 1 . In order to understand better the MS fragmentation pattern of the constituents of RDNI, eight authentic compounds were initially investigated by HPLC-TOF-Q-MS/ MS. The detection signal in negative ion mode was better than that in positive ion mode in terms of sensitivity and selectivity.
Most of the investigated compounds exhibited deprotonated molecular ions ([M-H]
2 ) and product ions offering rich structural information were obtained by collision-induced dissociation (CID). Owing to the presence of formic acid in the mobile phase, ions of [MþCOOH] 2 were observed with some of the compounds. The identification of 20 compounds based on chromatographic retention times, negative MS 2 fragmentation behavior and literature information is summarized in Table I . Typical MS TIC chromatograms with numbered peaks are shown in Figure 1 , and the chemical structures of the identified compounds are shown in Figure 2 .
Discussion
Characterization of O-caffeoylquinic acids O-caffeoylquinic acids are found in abundance in RDNI and its raw materials. They contain the basic quinic acid moiety but differ in the position and number of caffeoyl ester groups. Compounds 4, 6 and 13 were identified as stereoisomers, and the geometric cis-O-caffeoylquinic acid structures were assigned on the basis of UV-irradiation spectra and retention times relative to trans-O-caffeoylquinic acids. Naturally occurring phenolic cinnamic acids are present in the trans configuration but exposure to UV light causes photochemical isomerization to the cis configuration (11, 29) . To test whether cis isomers were present, RDNI and reference trans-O-caffeoylquinic acids (5, 8, 11) were split into two fractions, one was a control and the other was exposed to UV light (254 nm) for 40 min. In the RDNI, trans-O-caffeoylquinic acids eluted in the order: compound 5 (t R 22.3 min), compound 8 (t R 32.8 min) and compound 11 (t R 35.8 min) under a 5 -30% acetonitrile -water (0.1% formic acid) gradient on a C 18 reverse-phase column. HPLC and ESI-MS/MS analysis of the UV-exposed reference compound 5 showed an increased relative intensity of the peak at t R 20.4 min and decreased intensity of the peak at t R 22.3 min. Accordingly, the peak at t R 20.4 min was deduced to be cis-5-O-caffeoylquinic acid (4), the cis isomer of compound 5. Both increased and decreased relative peak intensities were also exhibited following UV-exposure of compounds 8 and 11, in accordance with the observations in RDNI. Finally, the peaks at t R 29.5 min and t R 40.3 min were identified as cis-4-Ocaffeoylquinic acid (6) and cis-3-O-caffeoylquinic acid (13), respectively ( Figure 4) .
Characterization of iridoids
Mass spectrometry provides information about the molecular weight which is of great value for characterizing iridoids. The MS characteristic fragmentations of iridoids have been obtained and reported previously by several investigators (13, 30, 31) and, therefore, the proposed fragmentation patterns were helpful in obtaining the structural identification of iridoids in RDNI.
Under negative ionization, iridoids exhibited a sodiated pseudomolecular ion [M-H]
2 and less abundant [MþCOOH] 2 as the base peak. At a low collision energy of 25v, the main fragments of iridoid glycosides observed were due to losses of a sugar moiety [ 2 ). After screening the molecular weights using the EIC-MS method, a total of 10 iridoids were identified or tentatively identified in RDNI (shown in Table I ).
Compounds 10, 15-17 were secoiridiod glycosides previously reported in G. jasminoides and 10 was also reported in A. annua, and they were tentatively identified in RDNI. Compound mass spectra very similar to those obtained in the present study (32 2 ion at m/z 167.0756. All of the MS 2 fragments above were in good agreement with the literature values (31) . Thus, compound 1 was identified as shanzhiside (1).
Coelution with the reference standard, and comparison with literature data led to the unequivocal identification of compound 12 as geniposide and compound 2 as geniposidic acid (33) . The precursor ion, suggesting the presence of disaccharide. Therefore, compound 7 was identified as genipin-1b-gentiobioside on the basis of its MS fragmentation pattern and its previous detection in G. jasminoides (22, 33 2 was formed by losses of a hexose moiety and H 2 O from the protonated ion at m/z 345.
Conclusions
A reliable and specific analytical method was established by using a combination of LC/TOF-MS and UV-irradiation for the rapid screening and identification of multi-components in RDNI and this also allowed the identification, of each of the components of RDNI and the raw materials. A total of 20 bioactive compounds were unambiguously or tentatively identified based on their retention times, exact mass measurements for each molecular ion and subsequent fragment ions. Among these, four chlorogenic acids and eight iridoids were characterized for the first time from RDNI. The validation data indicates that this HPLC-QTOF-MS-UV method can be reliably applied to determine the contents of the key bioactive compounds in RDNI. There are no reports in the literature involving the identification of cis/ trans isomers of caffeoylquinic acids in RDNI. As a separation and detection method, HPLC-QTOF-MS-UV is also shown to be very useful for the determination of caffeoylquinic acids in other complex TCMs.
